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Abstract
When a horizontal resistive wire is heated up to the boiling point in a subcooled liquid bath, some
vapor bubbles nucleate on its surface. Traditional nucleate boiling theory predicts that bubbles
generated from active nucleate sites, grow up and depart from the heating surface due to buoyancy
and inertia. However, we observed here a different behavior: the bubbles slide along the heated
wire. In this situation, unexpected regimes are observed; from the simple sliding motion to bubble
clustering. We noticed that bubbles could rapidly change their moving direction and may also
interact. Finally, we propose an interpretation for both the attraction between the bubbles and
the wire and for the motion of the bubbles on the wire in term of Marangoni effects.
PACS numbers: 47.55.nb, Capillary and thermocapillary flows, 47.55.N-, Interfacial flows.
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The self propulsion of a droplet actually encounters a growing interest. It has been shown
that it is possible to move a droplet in a controlled way using magnetic [1] or electrical
[2] fields, vibrating bath [3], circular hydraulic jump [4] but also by changing the wetting
condition [5, 6] or even the geometry [7]. An other propulsion mechanism is the Marangoni
effect: it could be thermal [8–10] or chemical [8, 11–13]. But surprisingly only few papers
considered self propulsion mechanisms for bubbles (this question is for instance marginally
presented in [14]).
In the present letter, we will address the question of self propelled bubbles on a heated
wire immersed in a liquid bath. The bubbles we consider are generated by nucleate boiling
on the wire but, as shown, our results are more generally applicable.
A sketch of the experimental setup is depicted on Fig.1. A horizontal resistive wire
(constantan) immersed in a liquid bath is fed by an electric generator through two large
aluminum electrodes with a negligible resistivity. The wire is thus heated up through Joule’s
effect with current setting up to 64 A so that the injected power P may reach 200 W.
The wire is 5 cm long and its diameter φ was varied from 0.1 to 1 mm. The surrounding
liquid bath is constituted by 1.5 L of low viscosity silicone oil (1.5 cS) and maintained at
a constant temperature Tbath. In order to keep a constant temperature for this liquid bath
it was thermalized using a water-bath. This setup allowed us to vary the bath temperature
Tbath from 5 to 95○C. The use of silicone oil as surrounding fluid guarantees the total wetting
of the liquid on the wire.
The setup is completed by a fast camera acquiring at a rate of 1000 fps placed in front
of the wire in a horizontal plane.
When such a metallic wire is heated up to the boiling point in a subcooled liquid bath
some vapor bubbles nucleate on its surface. In the literature, it is admitted that these
bubbles, generated from active nucleate sites, grow up and depart from the heating surface,
experiencing buoyancy, inertia and wetting forces (e.g. [15]).
What we observed it that beyond a threshold in injected power P (corresponding to the
silicone oil boiling temperature) bubbles effectively nucleate on the wire surface but instead of
what is usually expected, they immediately begin to move along the wire. Typical images of
this bubble motion are depicted on Fig.2 (a) and can be seen on videos in the supplementary
material [16]. One can see on the pictures a thermal plume attached to each bubble. These
plumes are the signature of the liquid refractive index variation due to heating. One can also
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FIG. 1: A 5 mm long resistive wire of diameter φ is fed by an electric generator through two
aluminum electrodes. The wire is immersed in a silicone oil (1.5 cS) liquid bath maintained at
Tbath. If a sufficient current is injected, the wire will heat thank to Joule’s effect and bubbles will
nucleate on its surface.
notice that bubbles are interacting: when two bubbles comes into contact they can bounce
(see Fig.2(a) between 0.04 s and 0.07 s) or fuse (see the Fig.2(a) between 0.00 s and 0.02 s).
Such phenomena (bubble motions, bouncing and fusion) were already observed by Peng
et al. [17] in an experimental set up approaching the one described here (a horizontal heated
platinum sub-millimeter wire immersed in water or alcohol subcooled baths).
In the present letter, we completely renew the description of the phenomenon and its
comprehension. We rationalized the experiments by considering the experimental set up as
previously described. Choosing silicone oil for the liquid bath ensured a complete wetting
state and so increased deeply the reproducibility of the observed phenomena. The use of
constantan permitted to avoid the change of resistivity with temperature and then let us
present the first phase diagram for sliding bubbles on a heated wire. This methodical analysis
led to the discovering of an original collective behavior for bubbles on a thin wire.
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Theoretical aspects of the phenomena are also addressed in the present letter by proposing
answers to two apparent simple but fundamental questions :
(i) Why do the bubbles not leave the wire?
(ii) Where the horizontal propulsion mechanism arises from?
Beyond the boiling threshold, we called the first regime we observed “free motion” regime,
where bubbles freely circulate on the wire. It is illustrated in Fig.2. As soon as the bubbles
nucleate they are observed to move. Accounting for the camera frame rate, this means that
the bubble grows in contact with the wire less than 0.001 s. Direct observations also reveal
that bubbles may appear and move on top or beneath the wire, even if the top position is
more stable due to Archimede’s force. The experiments show that, for a horizontal wire,
there is no preferential sense for the bubble displacement.
We have observed a range of bubble sizes from the resolution size of the camera (∼ 10µm)
up to millimeter length. The bubble size always increases, either by evaporation or by fusion
with an other bubble. Beyond a critical radius Rmax bubbles leave the wire due to buoyancy.
The bubble velocity can reach 100 mm/s, i.e. of the order of one hundred bubble typical
diameters per second. This maximal velocity is quite independent on the bubble size, as
evidenced in Fig.2 (b) where a spatio-temporal diagram is taken at 50 µm above the wire
surface. When the “free motion” regime is observed, the maximal velocity does not depend
on the injected power P (an incertitude of ±10% is noticed for P ∈ [10; 130]W) and decreases
by almost 50% between a wire of φ = 0.1 mm to a wire of φ = 1 mm for a given P .
In the middle of this “free motion” regime, we discovered an unexpected phenomenon: the
apparition of clusters of 4 or 5 motionless bubbles. These bubbles have a quite important
size (∼ 0.5 mm) while smaller bubbles continue to circulate between these clusters. This
situation is visible on Fig.3(a) [See also Supplementary materials [16]].
If we further increase the heating power P , clusters expand over the whole wire up to
cover it as a single motionless cluster (see Fig.3(b)). To be more precise, it is an almost
motionless cluster: due to the heat transfer, bubbles grow up may fuse and then leave the
wire, they are immediately replaced by a reorganization of bubbles on the wire. However
this process is very slow in comparison to our acquisition time [See Supplementary materials
[16]]. If we further increase the injected heat (φ unchanged), we observe that this unique
cluster dislocates into smaller clusters until this regime ends and the system comes back
to the situation previously described where isolated bubbles move freely, the “free-motion”
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regime.
One can notice that beyond this “clusters” regime the bubble density on the wire is
increased and will continue to increase as long as P does [see for instance, Fig.4(c) but also
Supplementary materials [16]].
For the higher values of P a vapor film totally isolates the wire from the liquid bath.
This phenomenon is called film boiling. Because of Rayleigh-Taylor instability, this vapor
film is destabilized following a well defined wavelength [18, 19].
A phase diagram built with our two control parameters (φ,P ) is presented in Fig.4. The
red squares correspond to heating power values insufficient to the nucleation of bubbles on
the wire surface. The green diamonds stand for the “free motion” regime and the blue
disks for the “clusters” regime. One can notice that for the largest wire, we do not observe
“clusters” regime. This could be explained by the fact that for larger wire radius the bubble
diameter is of the same order or below the wire diameter and so motions in depth could be
observed.
The presented measurements have been repeated in two different aquariums with differ-
ent sizes. We verified that transitions between regimes do not change with the aquarium
dimensions. We also checked that these transitions are not hysteretic. These informations
confirmed that the physical mechanisms implied in this experiment are at the wire scale.
Nevertheless, this is not the case for the film boiling regime. We observed a dependency
on the wire dimensions, on the wire fixation system and hysteretic transitions. We did not
investigate further this regime, clearly beyond the scope of this study. The dashed line on
Fig.4 represents the limit beyond which film boiling was observed.
After this description of the different regimes, the rest of the paper will be dedicated
to the “free motion” regime. Particularly we would like to address the question of the
interaction between the bubble and the wire. This question is not trivial: if the buoyancy
leads to the bubble departure what is the force responsible for the attraction of the bubble
towards the wire ? Indeed, the use of silicone oil guarantees a total wetting situation and so
we can assume that a moving bubble is not in contact with the wire surface (this hypothesis
is in agreement with the observations made by Lu & Peng [20] in partial wetting situation).
Therefore we can assume that the absence of contact line means no contact forces.
We suggest to consider that the temperature differences relative to the bubble appearance
are sources of Marangoni stresses responsible for both the attraction between the bubbles
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and the wire and the bubble motion.
The bottom of the bubble is so close to the wire that the temperature at the bubble
bottom should be close to the boiling temperature of the liquid, Tboil, whereas the top of
the bubble is further from the thermal boundary layer and so closer to the bath temperature
Tbath. As described in the literature [21], such a temperature difference leads to surface ten-
sion differences. The latter may lead to an overpressure which might compensate buoyancy
[see Fig.5(a)].
The Marangoni’s force reads:
FMa =∬
S
dγ
dl
dS =∬
S
γ′dT
dl
dS, (1)
with γ the surface tension and γ′ = dγdT . This expression exhibits the need of a non
null temperature coefficient of surface tension. However, an internal temperature difference
cannot be achieved if the bubbles are only constituted by a pure vapor of silicon oil. Two
hypothesis can then be proposed: either bubbles are constituted by dissolved gases (e.g. air)
or by gases resulting from the degradation of the silicone oil with the heating. We injected air
bubbles close to the wire using a syringe and observed exactly the same behaviors below and
above the silicone oil boiling point [See supplementary material [16]]. This complementary
experience increases significantly the strength of our arguments on Marangoni’s force as
driving mechanism. It also emphasized the large scope of the present study, the free motion
regime appearing to be a general behavior for all bubbles composed by a mixture of gases
in a similar setup.
In order to propose an order of magnitude approach, we assume that thermal gradient
around the bubble is constant and reads G = Tboil−Tbath2R , where R is the bubble radius. In
the vertical direction, we obtain:
FMaz = 43piRγ′∆T, (2)
with ∆T = Tboil−Tbath. Balancing this force with the buoyancy FA = 43piρgR3 (with ρ the
liquid density and g the acceleration due to gravity), lead us to the maximal radius before
the bubble departure:
Rmax = √γ′∆T
ρg
. (3)
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This law can of course be experimentally tested by measuring the radius of departure of
the bubbles. Neglecting the sudden departure resulting from fusions, we take Tboil = 200oC,
Tbath = 25oC and γ′ = 5.5 10−5 K−1 [22] and we get: Rmax ≈ 1 mm. As one can see on Fig.5(c),
we obtain the expected order of magnitude. Moreover all points collapse on a single master
curve and a plateau appears at Rmax ≈ 0.75 mm for the higher value of P . According to the
proposed hypothesis, the agreement between theory and data is correct.
We also test the dependency of Rmax with ∆T in the insert of Fig.5(c). Once again we
grasp the observed behavior, validating our approach this way.
The last question we would like to address is the problem of the bubble motion on the
wire. Peng et al. proposed to interpret this phenomenon in terms of thermal Marangoni
flows [23–25]: when a bubble moves, a mixing zone is generated behind it. The surrounding
fluid mixes with the thermal boundary layer (typically a few hundreds of microns), resulting
in a colder (T1) fluid behind the bubble than at its front, where the thermal boundary
layer remains intact (temperature T2). This temperature difference induces surface tension
difference and so Marangoni flows at the origin of the motion. All this information appear
in the sketch presented in Fig.5(b).
As far as we know, Peng et al. have never compared their models with direct measure-
ments (although numerical simulations provided good agreement [26, 27]). We verified that,
in our situation, these arguments were credible. We balanced the component of FMa in
the wire direction with the drag friction and the creation of a dynamic meniscus (with the
coefficients extracted from [28]) and we obtained that a temperature difference of only a few
degrees (typically 5 K) is enough to obtain the observed velocities. Once again the proposed
mechanism seems to be a good candidate to explain our observations.
In this letter, we evidenced different regimes for the behaviors of bubbles nucleated on
the surface of a heated resistive wire immersed in a subcooled bath of silicone oil: bubbles
can move along the wire and aggregate in clusters. We showed that the results obtained
in the “free motion” regime could be extended to the analogous system constituted by air
bubbles on a hot thin wire in a subcooled bath. We proposed simple interpretations to the
phenomena of attraction between the bubble and the wire or to the motion along the wire.
The common point is thermal Marangoni flows. The comparison between these models and
the experimental furnished convincing agreement, given the simplifying hypothesis we took.
This letter opens the door to a lot of different questions touching many fields in Physics:
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for instance, we believed that the “clusters” regime can be seen as a statistical phenomenon,
a simplified experience with air bubble of controlled size could be of interest. The fact that
the maximal velocity appears to be independent of the bubble radius is a very puzzling
result from an hydrodynamical point of view. The interactions between bubbles, bouncing
or fusion, stay also an open question. Moreover, preliminary experiments showed that the
bubbles interact with the thermal boundary layer, does it constitute a new system with
memory effects ? To conclude, the thermal point of view of this experiment is also full of
questions, among others: how the thermal transfer is influenced by this mechanism ?
Acknowledgements. This project has been financially supported by ARC SuperCool
contract of the University of Lie`ge under reference ARC 11/16-03. M. Me´lard and S. Rondia
are particularly thanked for technical support.
∗ Electronic address: herve.caps@ulg.ac.be
[1] G. Katsikis, J. S. Cybulski, and M. Prakash, Nature Physics 11, 588 (2015).
[2] M. Brandenbourger, N. Vandewalle, and S. Dorbolo, Physical review letters 116, 044501
(2016).
[3] Y. Couder, E. Fort, C. Gautier, and A. Boudaoud, Phys. Rev. Lett. 94, 177801 (2005).
[4] A. Duchesne, C. Savaro, L. Lebon, C. Pirat, and L. Limat, Europhys. Lett. 102 (2013).
[5] R. W. Style, Y. Che, S. J. Park, B. M. Weon, J. H. Je, C. Hyland, G. K. German, M. P. Power,
L. A. Wilen, J. S. Wettlaufer, and E. R. Dufresne, Proceedings of the National Academy of
Sciences 110, 12541 (2013).
[6] S. Haefner, O. Ba¨umchen, and K. Jacobs, Soft Matter 11, 6921 (2015).
[7] E´. Lorenceau and D. Que´re´, Journal of Fluid Mechanics 510, 29 (2004).
[8] F. Brochard, Langmuir 5, 432 (1989).
[9] A. L. Yarin, W. Liu, and D. H. Reneker, Journal of applied physics 91, 4751 (2002).
[10] N. Bjelobrk, H.-L. Girard, S. B. Subramanyam, H.-M. Kwon, D. Que´re´, and K. K. Varanasi,
Physical Review Fluids 1, 063902 (2016).
[11] K. Manoj, M. Chaudhury, and M. George, Science 256, 1539 (1992).
[12] Y. Sumino, N. Magome, T. Hamada, and K. Yoshikawa, Physical review letters 94, 068301
(2005).
8
[13] S. Oshima, T. Nomoto, T. Toyota, and M. Fujinami, Analytical Sciences 30, 441 (2014).
[14] O. Kannengieser, C. Colin, and W. Bergez, Microgravity Science and Technology 22, 447
(2010).
[15] E. Hahne and U. Grigull, Heat transfer in boiling (Hemisphere Publishing Corp., Washington,
DC, 1977).
[16] See supplementary materials at. (2016).
[17] X. Peng, Micro Transport Phenomena During Boiling (Springer Science & Business Media,
2011) Chap. 5.
[18] J. Lienhard and P. Wong, Journal of Heat Transfer 86, 220 (1964).
[19] G. Son and V. K. Dhir, International Journal of Heat and Mass Transfer 51, 1156 (2008).
[20] J. Lu and X. Peng, International journal of thermal sciences 45, 908 (2006).
[21] N. Young, J. Goldstein, and M. Block, Journal of Fluid Mechanics 6, 350 (1959).
[22] S. Hardy, Journal of Colloid and Interface Science 69, 157 (1979).
[23] H. Wang, X. Peng, B. Wang, and D. Lee, Science in China Series E: Technological Sciences
46, 225 (2003).
[24] D. M. Christopher, H. Wang, and X. Peng, Journal of Heat Transfer 127, 1260 (2005).
[25] J. Lu and X. Peng, International journal of heat and mass transfer 49, 2337 (2006).
[26] D. M. Christopher, H. Wang, and X. Peng, International Journal of Heat and Mass Transfer
49, 3626 (2006).
[27] D. M. Christopher and J. Jiang, International Journal of Heat and Mass Transfer 52, 5020
(2009).
[28] C. Dubois, A. Duchesne, and H. Caps, EPL (Europhysics Letters) 115, 44001 (2016).
9
xt
FIG. 2: Bubbles moving on a hot wire in “free motion” regime (φ = 0.2 mm and P = 10 W). (a)
Succession of images of bubbles moving on the wire. Images are separated by 0.01 s. One can
notice the inclined thermal plume as a signature of the bubble motion. When two bubbles comes
into contact they can bounce (between 0.04 s and 0.07 s) or fuse (between 0.00 s and 0.02 s). (b)
Spatio-temporal diagram (t in abscise and x in ordinate). The pixel strip distance from the wire
top surface is 50µm, its total length is 13 mm and the acquisition time was 0.88 s. The thin black
curves correspond to small bubbles (only the bubble top is in the pixel strip) and large black curves
are signature of large bubbles. One can notice that all the bubbles have maximum velocities of the
same order of magnitude.
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FIG. 3: (a) “Clusters” regime, with φ = 0.2 mm and P = 17.5 W. For this injected power P , the
typical size for a cluster is 4-5 bubbles, small bubbles circulate between clusters. (b) The wire is
covered by a single (almost) motionless cluster, with φ = 0.2 mm and P = 20 W.
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FIG. 4: Phase diagram built with our two control parameters: the wire diameter φ and the injected
power P . The red squares correspond to a situation without bubbles (insufficient heating powers).
The green diamonds stand for the “free motion” regime and the blue disks for the “clusters” regime.
The dashed line represents the limit beyond it film boiling was observed. (a) φ = 0.2 mm, P < 10
W. (b) φ = 0.2 mm, P = 20 W. (c) φ = 0.2 mm, P = 30 W.
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FIG. 5: (a) Sketch showing the mechanism of attraction between the bubble and the wire: the
temperature difference between the top and the bottom of the bubble induces Marangoni flows.
(b) Sketch explaining the displacement of the bubble: the temperature difference between the front
and the rear of the bubble induces Marangoni flows. (c) Rmax versus P for different φ: blue squares
corresponds to φ = 0.1 mm, green diamonds to φ = 0.2 mm, black triangles to φ = 0.4 mm and red
disks to φ = 1 mm. The bath temperature is Tbath = 25oC. The black continuous line is the value
predicted by Eq.(3). Insert: Rmax versus Tbath with φ = 0.4 mm and P = 55 W. The continuous
black curve is a fit of the experimental data with a law in
√
∆T.
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